The vortex model of propellers is modified and applied to the high-speed horizontal axis turbines. The turbine blades are replaced by lifting lines and trailing vortices which shed along the blade span. The model is not a free wake model, but it is still a nonlinear one which should be solved iteratively. In addition to the regular case where the trailing vortices are constrained to distribute along a helical surface, another version, where each trailing vortex sheding from the blade grows as a free helical vortex line, is also included. Performance parameters are calculated by application of the Biot-Savart law along with the KuttaJoukowski theorem. Predictions are, shown to compare favorably with existing numerical data from more involved free wake methods, but require less computational effort. Thereby, the present method may be a very useful tool for calculating the aerodynamic loads on horizontal-axis wind turbine blades.
INTRODUCTION
With a rise of interest in wind energy, intensive research on the aerodynamic behavior of wind turbines has been conducted during the past decades. Methods concerned with the prediction of aerodynamic loading and performance of wind turbines have been reviewed in De Vries [19791 and De Vries [1983] . Even now there are only a few theoretical analyses which are not based on the momentum theory Gohard [1978] , Miller [1983] , Maekawa [1984] , Afjeh and Keith [1986] .
It has been commonly agreed that the key to an accurate calculation of the rotor aerodynamic behavior is the correct modelling of the rotor wake. Because of the very complex structure of the wake it was also evident that purely analytical methods are limited and one should turn to numerical methods in order to obtain general solutions.
Classification of the methods is based on the manner in which the wake is modelled and the induced velocity at a blade section is evaluated. There are two main approaches to the problem of wake modelling. The first method is known as the 142 H. DUMITRESCU AND V. CARDOS "prescribed wake" or "rigid wake" (PWM) . Accord- ing to this method the geometry of the wake is known a priori, which implies that the velocity field, or rather an approximation to it, has been assumed. Once the wake geometry has been prescribed, the corresponding induced velocity and circulation distributions along the blade can be calculated. The geometry of the wake is determined by using different kinds of assumptions, while in most of the cases these assumptions are based on experimental evidence. The second method is the "free-wake" analysis (FWM) . In this method an initial geometry of the vortex wake is assumed. The wake is regarded as being composed of a large number of discrete vortex elements, and these elements are allowed to convect in the velocity field they create. Provided the numerical method employed is convergent, the vortex elements will move until they take up positions which are consistent with the velocity field (wake in equilibrium state). As might be expected, the computer requirements for such calculations are prodigious, which makes this kind of analysis somewhat impractical as a design tool. This is the reason why some investigators have divided the wake into two or three different regions (near, intermediate and far wake), at each region the computations being done in appropriate way to that region. This approach causes somewhat reduction in the computational effort. However even in this simpler case the computations remain too complicated and very expensive. Most notable among these methods are the fast free wake method (FFWM) of Miller [1983] and the simplified free wake method (SFWM) of Afjeh and Keith [1986] . This paper presents the wind turbine performance calculations by the lifting-line method. The method is mainly of a prescribed wake type. For a rotating blade, the following principles are applied. First, a blade surface is replaced by a lifting line with the bound circulation varying along its span. The discrete model is used, where the blade is divided into many segments, each segment represented by a helical horseshoe vortex. Second, induced velocities generated by all vortices on the control point of each segment are calculated by the Biot-Savart law. Aerodynamic forces acting on the turbine blade are obtained by the Kutta-Joukowski theorem and using known two-dimensional characteristics of the sectional airfoils. Herein, incompressibility and nonviscosity are assumed throughout the flow field. Unlike methods which assume that the blade wake is a uniform helical surface whose pitch is constant both in the radial and helical directions, the present analysis takes into account the local pitch of each trailing vortex springing from the blade. It is assumed that each element of these trailing vortices moves in space in helical motion, having the pitch calculated with the induced velocity at the point where this element sprang from. Since the wake model is dependent on the induced velocity at each radial station, while this induced velocity is a function of the wake model, the problem becomes nonlinear and is solved using an iterative procedure. The approach may be attractive due to its low computing time and costs. This method of calculation is termed a free helical vortex method (FHVM) and can be applied for the optimal design of an wind turbine blade.
LIFTING LINE METHOD Basic Assumptions
The following assumptions are adopted:
(1) A uniform stream flows parallel to the rotating axis of the wind turbine and the fluid motion is in a stationary state.
(2) Being a straight lifting surface with high aspect ratio, each blade is replaced by a lifting line which is positioned at a quarter chord behind the leading edge and has a varying circulation I along its span.
(3) Any blade section is considered to work under two-dimensional flow conditions when the complete influence of the induced, rotational and axial velocities on the flow field is taken into account (strip theory). This assumption means that the induced radial velocity is neglected. 
Rotor Geometry
The rotor has a radius R and it contains B equally spaced blades. All the blades are identical and the chord (c), pitch angle (/3) and aerodynamic characteristics along the blades are known. In addition, the rotor rotational speed (f) and free stream velocity (V0) are also known. As shown in Fig 
Therefore i and li, the total induced velocities at the control point xi, will be the sum of the contributions of all the horseshoe vortices, and are given by [1978] and the SFWM of Afjeh and Keith [1986] . Two prescribed wake models are analysed herein: the regular case where the trailing vortices are constrained to distribute along the geometric helical surface described by rotating blade, and another less constrained, where each trailing vortex sheding from the blade forms a free helical line whose pitch depend on the induced velocity at the point where it sprang from. Theoretical results based on these two wake models: geometric helical surface model (GHSM) and free helical vortex model (FHVM), seem to give the upper and lower bounds of the real results. Probably the simplest way to calculate the rotor performance is the average of results obtained with these two models.
The blade geometries and operating conditions are presented in Table I . All the cases include twobladed wind turbine rotors with untwisted and constant chord blades.
The airfoil data used in the calculations are given in analytic form as: This particular set of rotor configurations and airfoil data were chosen in order to check the validity of the present method by direct comparisons with the theoretical results obtained by more involved methods. For comparison it is given herein the same quantities that have been presented in Afjeh and Keith [1986] . These include distributions along the blade for three aerodynamic quantities (circulation, axial induced velocity and effective angle of attack), only for cases 2 and 4, and overall results (axial force and power coefficients) for all the cases.
Figures 4-9 present the aerodynamic quantity distributions along the blade, obtained by the present method, against those of Gohard [1978] and Afjeh and Keith [1986] . It is seen that the X/R FIGURE 7 Computed spanwise axial induced velocity distribution for case 4 conditions, Table I . 
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